In the paper, we propose a joint design of precoder and power allocation for downlink multi-cell multi-user 
Introduction
In the mobile cellular communication system, multiple-input multiple-output (MIMO) has been widely applied to various multi-cell multi-user communication scenarios to improve performance and increase the data throughput. Further more, the base stations (BSs), i.e., cells will be inevitably more densely deployed to provide significantly higher spectral efficiency [1] . These deployment trends lead to a lot of interference between different BSs. If this inter-cell interference (ICI) is not eliminated, it will cause severe performance degradation of contemporary multi-cell wireless networks. Hence, interference management is a very important issue of the next generation cellular systems [2] .
To address this problem, coordinated multipoint transmission and reception (CoMP) [3] - [4] in downlink multi-cell multi-user wireless systems has been widely studied recently. The transmission schemes are proposed to boost the network spectral efficiency and cell-edge throughput by effectively mitigating interference. In addition, the idea of interference alignment (IA) for wireless networks has been proposed recently in [5] - [13] as an interference management technique. The IA schemes [7] , [8] have successfully achieved theoretical bound on the degrees of freedom (DOF), based on linear precoding at the transmitters and zero-forcing at the receivers. Here, the DOF have been used as one of the key metrics for assessing the performance of the network system [9] . The DOF are defined as However, both [7] and [8] have approached the precoder design problem only from the DOF point of view. Some work on the precoder design and system performance optimization [10] , [11] has focused on K point-to-point interfering links. To improve the original IA scheme proposed in [12] (we name it as the original IA scheme in this work), various design methods [13, Algorithm 1, 2, 3] can be adopted for the downlink multi-cell multi-user wireless system. One of those methods is, for example, the IA-zero-forcing Precoding scheme proposed in [13, Algorithm 1] (we name it as the search IA scheme in this work); that is, the maximization of the minimum of SNRs under a total transmit power constraint. However, finding the optimal solutions in the search IA scheme involves complex computation because of a lot of random searches. Moreover, any change in the precoding matrix or power allocation will also need a corresponding change in the decoding matrix. To avoid the complex computation, efficient and non-iterative algorithms should be developed that are able to achieve the suboptimal solutions with drastically reduced complexity. Therefore, this paper proposes a joint design of precoder and power allocation for downlink multi-cell multi-user wireless systems with interference alignment (we name it as the proposed IA scheme in this work). For a non-iterative method, the proposed IA scheme is decomposed into two separate steps: First, we design the precoding and decoding matrices using IA, fully eliminating the interference between the effective channels. Then, on the basis of the pre-canceling, each BS performs equal power allocation among different users and adopts a joint optimization of precoding matrix and power allocation to maximize the information rate of the corresponding noninterfering effective channel. This is reasonable because most of the system performance optimization metrics depend on a good SNR for each noninterfering effective channel. At the receiver, we adopt the left singular vectors of each noninterfering effective channel to detect each stream of the corresponding desired signals.
It is analytically shown that the proposed IA scheme exploits less antenna resources than the search IA scheme does to achieve the same DOF. From simulation results, we find that the proposed IA scheme outperforms the original IA scheme in terms of the ergodic sum rate, while achieving the same DOF. Furthermore, we evaluate the feasibility of the proposed IA scheme in the Orthogonal Frequency Division Multiple-Access (OFDMA) cellular network. The simulation results show that the proposed IA scheme achieves a lower bit error rate under the same SNR, compared with the original IA scheme.
The rest of this paper is organized as follows. In Section 2, we describe the system model. Section 3 introduces design principle by the original IA scheme. Section 4 presents the proposed IA scheme at length. The performance evaluations of the proposed IA scheme, including discussing the achievable DOF and giving the simulation results are presented in Section 5. The last section is devoted to conclusions. 
Notations

System Model
We consider a downlink multi-cell multi-user wireless system, which consists of two BSs with t N transmit antennas each and two users or user equipments (UEs) with r N receive antennas each. This setup is shown in Figure 1 , where two BSs transmit independent data streams to different UEs, and each UE receives independent data streams from the two different BSs.
Throughout the paper, we make some assumptions as follows: Assumption 1: communication takes place simultaneously from all BSs to all UEs and generating co-channel interference at two UEs. Also, there is no coordination among UEs; 
where kb V represents the t k b N d  linear precoding matrix for the transmission from the b th BS to the k th UE. Here, we assume that each BS has the same transmit power constraint of P .
Then, the received signal vector k y at the k th UE can be rewritten as
Design Principle by the Original IA Scheme
In this section, we introduce ways of identifying the precoding and decoding matrices based on the original IA scheme. For the downlink multi-cell multi-user wireless system above, we illustrate this method in the case where each BS and UE is equipped with 
Designing the Precoding Matrices
In order to let each UE correctly decode its interested data, we present our precoder design method enabling the interference vectors alignment at each receiver. Specifically, each precoder has to be designed to satisfy the two interference aligning constraints described as 11 21 12 22
where ( ) span  denotes the space spanned by the column vectors of a matrix.
We can find that the precoding matrices 21 V and 22 V satisfying the Eq. (4) 
where (1: ,:)
Therefore, the precoding matrices 21
V and 22 V for interference vectors alignment can be determined explicitly with probability one. Then, the precoding matrices 11 V and 12 V are designed by applying a similar approach.
Choosing the Decoding Matrices
In order to fully eliminate the interference between the four effective channels, i.e., 11 
Define the concatenated interference channel matrix as 11 12 12 11 21 = (( ) ) (( ) ) 
Following a similar procedure as in section 3.1, the Eq. (12) 
The Proposed IA Scheme
In the section, we represent a joint design of precoding matrix and power allocation procedure. Also, the corresponding detection method for each noninterfering effective channel is presented.
Joint Design of Precoder and Power Allocation
First, we design the precoding and decoding matrices based on the IA method above. Therefore, the system is decomposed into four noninterfering effective channels. The received signals are then expressed as: 
The Detection Method for Each Noninterfering Effective Channel
With the modified precoding matrix 
Discussions and Simulation Results
Discussions
In this subsection, we compare the achievable DOF for the proposed IA scheme and the search IA scheme, which can obtain DOF of 4 under the conditions of ( , ) (2, 3) respectively. It reveals that the proposed IA scheme exploits less antenna resources than the search IA scheme does to achieve the same DOF of 4. This can be explained by the fact that, contrary to the search IA scheme, we focus on using the minimum required transmit antenna configuration to achieve the same DOF. The results of this subsection can be generalized to 3 /2 r t N N      and t N is even, but we limit ourselves to ( , ) (2, 3) t r N N  in order to ease exposition. The discussion above is summarized in Table 1 . 
Simulation Results
Rayleigh fading scenario in the downlink multi-cell multi-user wireless system
In this part, we assume the MIMO channel is a Rayleigh fading type and the ideal channel condition. To show the effect of the proposed IA scheme, we compared it with the original IA scheme in terms of the ergodic sum rate performance. The simulations are performed for the downlink 2-BSs 2-UEs wireless system where each BS is equipped with 4 antennas and each UE has 6 antennas. Each BS sends two data streams to different UEs, respectively. Throughout the simulations, each BS has the same transmit power constraint of P and equal power allocation among different UEs. Then, the signal to noise ratio is defined as 2 2 / P  . All the experiment results are averaged over 1000 frames runs. The achievable ergodic sum rate for the downlink 2-BSs 2-UEs wireless system with the proposed IA scheme is presented by Figure 2 depicts the ergodic sum rate versus SNR for the two schemes. From Figure 2 , it can be seen that the proposed IA scheme achieves better ergodic sum rate performance than the original IA scheme. Also, we can observe that the sum rate slope of the proposed IA scheme is the same as that of the original IA scheme at high SNR. Hence, it is clear from the figure that the proposed IA scheme also achieves the same DOF of 8 while improving the ergodic sum rate performance, compared with the original IA scheme. 
The feasibility evaluation in the OFDMA cellular network
To evaluate the feasibility of the proposed IA scheme, some link level simulations are performed in the downlink OFDMA system platform. The simulation parameters in the evaluation are described in Table 2 . The proposed IA scheme is compared with the original IA scheme for evaluation. The mean bit error rate (BER) performance of the four noninterfering effective channels versus SNR is illustrated in the Figure 3 . From the figure, it can be seen that the proposed IA scheme is superior to the original IA scheme in terms of probability of bit error. Specifically, the proposed IA scheme brings a performance gain of around 4dB for BER of 0.001. The above two figures show that the proposed IA scheme has better performance than the original IA scheme, which can be explained by the fact that the proposed IA scheme exploits a joint optimization of the precoding matrix and power allocation to maximize the information rate of the corresponding noninterfering effective channel.
Conclusions
In this paper, we propose a joint design of precoder and power allocation for downlink multi-cell multi-user wireless systems with interference alignment. For a non-iterative method, first, the proposed IA scheme designs the IA based precoding and decoding matrices to eliminate the interference between the effective channels, and then exploits a joint optimization of the precoding matrix and power allocation to maximize the information rate of the corresponding noninterfering effective channel. It is analytically shown that the proposed IA scheme can utilize the antenna resources more efficiently than Joint Design of Precoder and Power Allocation for Downlink Multi-Cell Multi-User Wireless Systems with Interference Alignment Zhu Yazhou, Zheng Guoxin, Rui Yun, Li Mingqi the search IA scheme does. Also, the numerical results show that the proposed IA scheme has better performance than the original IA scheme.
